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T he k inetics o f th e d eh y d ro g en atio n o f n ap h th e n e s over a chrom ium oxide su p p o rte d on alu m in a c a ta ly st a t te m p e ra tu re s o f 400° C a n d above h as been in v estig ated .
Cyclohexene has been d etec ted an d e stim a te d in th e p ro d u cts from cyclohexane, a n d it has been show n t h a t side reactio n s p roducing olefine o th e r th a n cyclohexene proceed a t only 0*01 o f th e speed of th e m ain reactio n a t 450° C. I f th e c o n ta c t tim e is sufficiently long a sta tio n a ry co n cen tratio n o f olefine is established. T he linear n a tu re of th e p lo t o f th e reciprocal o f th e ra te ag ain st th e reciprocal o f th e pressure for cyclohexane a n d m e th y l cyclohexane h as been d em o n stra te d ex p erim en tally for th e s ta tio n a ry sta te conditions, while th e in te rc e p ts an d slopes h av e been identified w ith functions o f th e ra te co n stan ts. As a resu lt o f th e stu d y o f th e ra te o f deh y d ro g en atio n o f cyclohexene it is concluded th a t th e loss o f th e first p a ir of h y drogen ato m s from cyclohexane is th e slow step in th e reaction. A n a c tiv a tio n energy o f 36 kcal./g.m ol. has been o b tain ed for th is step . T he v a ria tio n of th e sta tio n a ry olefine con c e n tra tio n w ith te m p e ra tu re s in d icates th a t for cyclohexane a n d m e th y l cyclohexane th e loss of th e first p a ir o f h y drogen ato m s is th e step w ith th e hig h est a c tiv a tio n energy. T he v a ria tio n o f ra te w ith p ressure a n d th e b eh av io u r w hen n itro g en a n d benzene are m ixed w ith th e re a c ta n ts all p rove th a t benzene an d h y drogen a c t m ain ly as d iluents.
E v idence is p resen ted from th e failure to a tta in th erm o d y n am ic equ ilib riu m betw een e th y l benzene, sty ren e a n d hyd ro g en d u rin g th e d eh y d ro g en atio n o f e th y l cyclohexane for a stepw ise m echanism in w hich a large p ro p o rtio n o f th e m olecules ev a p o ra te from th e surface a fte r th e loss o f th e first p a ir o f h y drogen atom s.
The dehydrogenation of naphthenes involves the problems associated with the dehydrogenation of paraffins to mono-olefines together with the special factors which are associated with the loss of three pairs of hydrogen atoms.
The mechanism of olefine formation has not received much attention, but the converse hydrogenation reaction has been examined. With the aid of deuterium it was established th at whilst the formal kinetics of exchange and hydrogenation were identical, the energies of activation were different. This led to the suggestion th at hydrogenation proceeds through the addition of molecular hydrogen (Twigg & Rideal 1939) . Farkas (1939) and Farkas & Farkas (1937) , in an attem pt to decide whether molecular hydrogen or the half-hydrogenated state was involved during hydrogenation, decided in favour of the former from consideration of the stereo isomers formed in the hydrogenation of substituted acetylenes. Such argument is open to question, as is seen by considering the products of hydrogenation of o-and p-xylene. At low temperatures both xylenes give the corresponding cts-dimethyl cyclohexanes. On the hypothesis of molecular addition the span across which addition has to take place is 1-33 A for o-xylene and 2*66 A for p-xylene. In addition, it should be noted th at if a molecule of hydrogen adds across two adjacent carbon atoms one of which carries a methyl group and the other does not, then to produce the cis isomer the second molecule must add from the same side. This condition gives the key, since it is clear th at a cis isomer will always result either molecules or atoms always takes place from the same side of the aromatic ring. No absolute discrimination between the two methods of addition is thus possible by this means.
Together with these considerations, the specific problems in the naphthenes involve consideration whether the naphthene ring loses all six atoms step-wise in pairs whilst in the adsorbed state, or whether it can move over the surface after the loss of one pair before reaching a suitable configuration for the loss of a second pair. I t may even evaporate and be readsorbed after each step.
In this latter case the passage to the gas phase would be an essential step in the reaction. Balandin & Brussow (1936) report the presence of cyclohexene in the product from cyclohexane, but only qualitative tests for unsaturation were applied to a highly coloured product and other unsaturated bodies might have been present.
These investigators also measured the activation energy assuming the reaction was zero order. The plot of the reciprocal of the rate against the reciprocal of the partial pressure yielded a straight line which was interpreted in terms of the adsorbabilities of the molecular species involved. Balandin & Shuikin (1934 , 1936 dehydrogenated methyl cyclohexane and cyclo hexane over Ni-Al20 3 catalysts in the temperature range 200 to 250° C, and report th at methyl cyclohexane dehydfogenated rather faster than the first member of the series. Similarly, dimethyl cyclohexane (a mixture of isomers) was found to dehydrogenate slightly more rapidly than cyclohexane (Balandin & Yu K. Yur'ev 1934) . Balandin & Rubinstein (1934) record th at methyl cyclohexane dehydrogenates approximately 20 % more rapidly than cyclohexane over a Ni-Al20 3 catalyst, and th at the activa tion energies for the two compounds are nearly the same. Taylor & Yeddanapalli (1:938) give an energy of activation of 24kcal./g.mol. for the dehydrogenation of cyclohexane over a chromium oxide catalyst. Zelinsky & Margolis (1932) report th at cis-and tfrcms-o-dimethyl cyclohexane both liberate hydrogen a t the same speed a t 300° C when passed over a platinum on carbon catalyst.
Here (parts I and II) we describe experiments undertaken with the object of determining the mechanism of dehydrogenation of naphthenes using chromium oxide supported on alumina as the catalyst; a mechanism is presented and the strength of several C-H bonds experimentally determined. E. F. G. Herington and E. K. Rideal E x p e r i m e n t a l Substitution of groups in cyclohexane does not appear to modify appreciably the thermodynamic equilibria between hydrogen, aromatic hydrocarbon and naphthene, according to Schulze (1936) , who examined equilibria involving methyl cyclohexane or cyclohexane with the corresponding aromatic hydrocarbon.
The useful working temperature for the accurate study of the kinetics of the reaction is the range 400 to 450° C. Below 400° C the reaction velocities become small when oxide catalysts are used, and, moreover, complications may arise from the reverse reaction. Above 450° C cracking may become appreciable (e.g. a t 500° Csee Herington & Rideal 19456) .
The catalyst employed was a 12 % Cr20 3 on A120 3 catalyst prepared by heating activated alumina (crushed and graded to 10 to 14 mesh B.S. sieve) for 2 hr. in hydrogen a t 600° C, cooling in situ as rapidly as possible and pouring into a solution of ammonium bichromate containing the requisite amount of this salt to give 12 % by weight of Cr20 3 on the impregnated alumina. The amount of solution was as small as possible and such th at it was practically all adsorbed by the alumina. The product was dried with constant stirring on a water-bath. The impregnated material was then heated in air for 2 hr. at 500° C and reduced in hydrogen for 2 hr. at this temperature before use. At the beginning of each day's experiments the catalyst was treated with 1 c.c. of cyclohexane, the product from which was rejected.
The catalytic dehydrogenation of naphthenes. I The apparatus shown in figure 1 consisted of a catalyst tube C carrying a glass spiral preheater P. A thermocouple pocket T passed down the centre of the spiral P into the catalyst tube C. The catalyst occupied the space A B. Hydrocarbons were introduced by means of the electrolytic doser D. The naphthene was gasified by means of the electrically heated wire spiral E which was wound on the outside of the inlet tube. The vapour so produced passed into the entrance of the preheater P through which a carrier gas was flowing. The products were condensed out in the trap E which was immersed in liquid air. The delivery tube of R was made very wide so th at the entire product could condense in the lower part of the delivery tube without blocking the gas flow. While the products were being collected the adaptor O could be flamed to prevent condensation of product. The carrier gas was dried oxygen-free nitrogen. Hydrogen could also be employed. The reaction furnace which was electrically heated was thermostatically controlled by a Cambridge Recorder activated by a thermocouple inserted in the catalyst bed; by this means the temperature was controlled to within approximately ± 1*5° C. The furnace was wound so th at over a length of 15 cm. the temperature did not vary more than 0*5° C. The position of the catalyst bed was arranged so th at it was always accom modated within this constant temperature region.
After all the hydrocarbon had passed through the catalyst bed the gas stream was interrupted and the product was allowed to warm to room temperature. The con densate was analyzed for aromatic content either by measurement of the refractive index and the use of a previously determined calibration curve (Herington 1944) , or else by the ultra-violet spectroscopic technique (Herington & Rideal 19456) . The presence of a small quantity of cyclic mono-olefine does not introduce any serious errors into the first of these methods because the refractive index of the aromatic (e.g. benzene rj$ = 1-5018) is so much greater than either th at of the nap (cyclohexane yE = 1-4263) or of the cyclic mono-olefine (cyclohexene 1-4465). The estimation of small quantities of cyclohexene and its homologues presents considerable difficulties. Specific methods for this class of compounds have not been devised, and their estimation has been carried out by a slight modification of the Mcllhiney bromine number method which only determines the total unsaturation. Actually no HBr was ever detected in these determinations, indicating th a t sub stitution was negligible. This is compatible with the absence of conjugated dienes in the product, since it has been shown th a t HBr is readily evolved when these compounds are brominated.
The results have been treated by statistical methods wherever it was possible; in particular, it may be noted th at the standard deviations of the activation energies (e.g. table 5, part II) have been calculated from the expression where crE is the standard deviation in the activation energy, and <x2 are the stan dard deviations in the rate constants (or ratio of rate constants) and k2 which are measured as temperatures Tx and T2. The values of the prob are 0-675cr.
The source and preparation of the various hydrocarbons used is given elsewhere (Herington 1944), except for the following modification.
Cyclohexene
The specimen as supplied by B.D.H. was distilled at room temperature under a high vacuum, the middle fraction alone being collected. The refractive index was Vb -1*4465, and bromine number determinations revealed th at it was a t least 99 % pure.
The sequence of reactions
If dehydrogenation proceeds in steps involving an evaporation stage there should be present in the gas phase, cyclohexane, cyclohexene, 1 :3-cyclohexadiene and benzene.
In a search for the presence of 1 :3-cyclohexadiene the data for the ultra-violet absorption extinction coefficients obtained by Allsopp (1933) were employed. Cyclohexane was dehydrogenated at 400, 420 and 440° C in a stream of hydrogen, yielding products containing 4, 11 and 50% benzene respectively. No 1 : 3-cyclo hexadiene could be detected in the product, thus putting an upper concentration limit for this compound of less than 0*5 % of the aromatic present.
Any olefine detected must therefore be cyclohexene or some material which does not possess a six-ring structure. Over metal catalysts cylcohexene can undergo disproportionation as shown in figure 2 (Linstead 1939), but on oxide catalysts at these temperatures this reaction does not appear as a complicating factor. To test this point a sample of cyclohexene was passed over the catalyst a t 450° C. The subsequent aromatic content was found from the refractive index values for a benzene-cyclohexene mixture to be 21*2 % by weight compared with 20*9 % from the ultra-violet spectra. This agreement shows th a t cyclohexane is not formed by disproportionation under these conditions, and thus the reaction of cyclohexene to cyclohexane can be neglected. The bromine number revealed c. 2*0 % olefine in a product from cyclohexane which contained 20*0 % benzene. If the olefine is cyclohexene and is not an olefine produced by cracking, we should anticipate a stationary concentration to be set up and its concentration should not increase with the percentage conversion to aromatic. In figure 3 a are plotted the yields of olefine and benzene against contact time at 450° C. The yield of benzene increases almost linearly, but the olefine concentration rises to an approximately stationary concentration.
If the cyclohexane, cyclohexene and benzene concentrations are designated as A , B and C respectively, the catalytic reaction may be considered as approximating to the following consecutive reactions:
If the original concentration of A be a, then at any time t Later it will be shown (p. 295) th at k2 is approxima are plotted the curves calculated for kx = 0*012 points are seen to be in good accord with the general form of the theoretical curve. The slope of the approximate straight line (dotted curve, figure 36) connecting benzene concentration with time in terms of the reaction constants can be for mulated as follows:
and since k2 > k1 this can be reduced to the approximation
Since kxt is numerically small this reduces to 0^ -
% B
The slope should thus be proportional to kv In the calculation of figure 36, kx was equated to 0-012 while a value of 0-010 is given by the dotted curve; the difference arises from the approximations. The linearity of the plot of the yield of aromatic against t passing through the origin is the basis of the experimental study of the stationary state condition (see below). These results indicate th at if a naphthene is passed through a bed of catalyst, then near the entrance the non-stationary conditions discussed above will apply, but provided the catalyst zone is long enough then at some point within it a stationary state will be reached and for all zones nearer the exit end than this the stationary state conditions are applicable. Inspection of figure 3 shows th at the aromatic content will be approximately 5 % when the olefine content has reached its maxi mum, which may be taken as the condition indicative of the establishment of a stationary state. Hence the experimental conditions in all the work described below have been chosen so th at the conversion is greater than 5 %.
If the maximum in the olefine curve does correspond to the attainm ent of a true stationary state, and if the olefine measured is indeed cyclohexene, then the same stationary concentration of olefine should be reached commencing with varying cyclohexene concentrations. The results of such experiments are shown in table 1. These values confirm the fact th at the olefine is cyclohexene and th at a stationary concentration is set up. The stationary state
T a b l e 1. A t t a i n m e n t o f s t a t i o n a r y o l e f i n e c o n c e n t r a t i o n
The separation of the rate constants of any individual step of the reaction under the non-stationary state condition is difficult because of the complexity of the problem. The reaction when the stationary state has been set up is more suitable for kinetic study and will be discussed in terms of figure 4 which represents a general scheme where all the steps are reversible except those involving the actual elimina tion of hydrogen atoms (see p. 293 for the experimental evidence in support of the neglect of the back reactions). Clearly, if the rates for cyclohexane and cyclohexene are studied separately, and if the reactions proceed in a stepwise manner, then the difference between certain functions of the rates for these compounds should give information on the speed of those steps by which the dehydrogenation of these two compounds differ. In the subsequent sections the variation of the rate of dehydro genation of cyclohexane, methyl cyclohexane and cyclohexene with partial pressure will be considered. 
Relationship between rate and partial pressure of single naphthene
Experimentally the activity of the catalyst changes with time. Compensation for this variation was obtained by bracketing the actual determination for the naphthene between two standard determinations with cyclohexane. The activity during the run was estimated from the means of the cyclohexane conversions before and after, combined with the use of the straight line relationship between contact time and conversion established on pp. 294 and 295. Nitrogen was used as diluent. The products were analyzed by the refractive index and the analysis in certain cases was confirmed by values from the ultra-violet spectra (see table 2). As dehydro genation proceeds not only is the naphthene used up but it is greatly diluted by the three molecules of hydrogen produced for each molecule of aromatic formed. Rates are considered in preference to fractions converted, as this avoids the complications introduced by the integration of certain functions. Hence the observations were confined to conditions where the conversion was greater than 5 % but less than 10 % so th at the stationary state condition is satisfied (see p. 295), and at the same time the conversion was small enough to consider the rate rather than the fraction con verted. To allow for the dilution of the reactant by the hydrogen produced by the reaction the arithmetic mean value of the partial pressure (p x) for the beginning and end of the reaction was used in the experimental study.
. / Ra g a in s t 1 c y c © m e th y l c y c lo h e x a n e ; ® s t a n d a r d a c ti v it y .
D ET E R M IN ED FROM TH E R EFR A CTIV E IN D E X ASSUMING TH E PRODUCT IS
In figure 5 are shown the plots of 1 fpt against 1 for cyclohexane and methyl cyclohexane at 450° C, where R is in g.mol./min. a n d p x is in atmospheres. The results fit a straight line. The best values of a and b in equation (7) were determined by the method of least squares ^ R = a + n
In the case of the cyclohexane curve a slight modification in treatm ent is necessary because the rate for this material under fixed conditions was arbitrarily chosen as standard to correct for changes in the activity of the catalyst. Hence the straight line must pass through this particular point.
Designating the chosen standard values of 1 and 1 /pv as 1/R* and 1/p* the equations are 1
The values of (6) were obtained by the method of least squares from (10) and then (a) determined from (8). Equation (7) is of the same form as equation (22), appendix 1, where a and b can be identified with complex functions of the rate constants. The variation of rate with pressure is thus compatible with the mechanism shown in figure 4 , while the values of a and 6 given in table 3 will be discussed in greater detail in the followi section (see also part II, p. 312, for the interpretation of the values of b).
Dehydrogenation rate for cyclohexene alone compared with cyclohexane
Cyclohexene dehydrogenates so much more rapidly than cyclohexane th at it is impossible to choose a catalytic activity such th a t the conversion of cyclohexane lies between 5 and 10 % while at the same time keeping the cyclohexene conversion less than 10 %. The results of experiments carried out a t 450° C, where the con versions of cyclohexane were c. 5 %, are given in table 4, which shows th at the variation of rate with rise in pressure is small. Equation (24), appendix 1, indicates th at the relation between rate and pressure should be given by an equation of the same form as equation (7), and an argument is presented there showing th at the difference in the ' a ' values for cyclohexane and cyclohexene (i.e. the difference in intercept of the 1 / Ra gainst 1/pressure plots) should give a measure of l figure 4). The value of 6 for cyclohexene can be found as follows. The slope of the 1/R against l/p 2 plot for cyclohexene can be seen from equation (24), appendix 1, to be determined mainly by the term Bjk^A. Comparison of this term with equation (11), part II, shows th at this latter equa tion for competition experiments will give the ratios of the slopes of the cyclohexane and cyclohexene plots of 1/R against 1/pressure (see part II, p. relationship between two naphthenes). Now in part II, p. 313, the value 1/47-5 is reported for cyclohexane in competition with cyclohexene. Hence the slope of the 1 against 1 plot (i.e. 6) will be 23-7/47-5 = 0-50 (see table 3, part I, for the value 23-7). The small value of 6 justifies taking the mean of the partial pressure a t the beginning and the end of the reaction as the cyclohexene pressure even for large conversions.
In table 4 are shown the values of 1 /R for calculated by the use of the value b = 0-50. The experimental value of £ ' for cyclohexane is 28-9 (table 3) , while for cyclohexene it is 11-2 (table 4), hence this suggests (see appendix 1, p. 308) th a t k2 is the slow step in the reaction but is not so slow in comparison with the others th a t they can be neglected.
The catalytic dehydrogenation of naphthenes. I Apparent activation energy of the overall reaction
Experimentally the determination of the overall activation energy of the reaction is rendered difficult because of changes in the activity of the catalyst due to poisoning and to changes in the extent of reduction of the catalyst at different temperatures (see Herington & Rideal 1945 a) . To minimize errors from these sources it was decided to determine the rates at 400, 425, 450 and 475° C on one day and then in reverse order of temperature intervals on the following day. Above it has been shown th at the loss of the first pair of hydrogen atoms is the slowest single step in the reaction so th a t equation (21) can be written as (11):
The changes in apparent activation energy will thus be due to the activation energy of k2. Subsequently it will be shown (p. 303 and see part II) th a t has the largest activation energy in the series of consecutive steps. Equation (11) corresponds to a reaction which is between zero and first order, k 1 approximating to the former when -is small compared with unity and to the % Pi latter when the converse condition applies.
The apparent activation energies were calculated assuming the reaction is zero and first order, and the true value assumed to be given by the mean. The fraction (a) of cyclohexane converted was determined by means of the refractive index. For a zero-order reaction the rate is given by oc/t, but for a first-order reaction the expres sion is complicated because the three molecules of hydrogen produced per molecule of benzene behave as diluent. The differential equation which has to be solved is
which on integration and insertion of the condition a = 0; = 0 gives equation (13):
In figures 6 a and 6 are shown the values of log ( ) plotted against 1/T. The slop the best straight lines were obtained by the method of least squares, and the following activation energies calculated. The average value of th e tw o m eans is 36-4 kcal./g.mol. A value of 36 kcal./g.m ol. will be employed in p a rt II.
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The stationary olefine concentration for different naphthenes and its variation with temperature for cyclohexane and methyl cyclohexane
In table 6 are set out the results of the analysis of the products obtained by the passage of a number of cyclohexane homologues over the catalyst at 450° C, which show that the ratio P1IP2 is to a first approximation a constant althoug tend to decrease with increasing conversion to aromatic. The method of measuring olefines is not specific for the cyclic mono-olefines, and any other unsaturated material will contribute to the olefine content found, so that it is of interest to deter mine the approximate speed such other reactions must possess in order to produce the observed decrease in the ratio P1IP2 with increasing
. I 301 T a b l e 6. S t a t i o n a r y o l e f i n e c o n c e n t r a t i o n s a t 450° C If it be assumed th at the naphthene can produce either aromatic hydrocarbon (together with the stationary olefine concentration) or some other olefine, then the simplest scheme is:
The equations are: (14) whence (15 A similar value results from the 1:3:5-trimethyl cyclohexane products, hence it follows th at the reaction responsible for the observed decrease in occurs at only of the speed of the main reaction a t 450° C and thus is only of secondary importance.
The ratios P1IP2 in table 6 are very nearly the same for different naphthenes e for tertiary butyl cyclohexane where the single determination in this table indicates a much lower value. To obtain more information on this point the products formed by the passage of aromatic hydrocarbons alone over an active catalyst were analyzed with the results shown in table 7. The second sample of tertiary butyl benzene was a very pure synthetic sample kindly supplied by Dr E. E. Turner. Table 7 proves th a t toluene and p-xylene are but slightly affected by the catalyst, while -butyl benzene yields much olefinic material under the same condition. The ultra-violet spectra indicated the presence of highly conjugated material and a synthetic mixture of a-methyl styrene and £er£.-butyl benzene of similar olefine content was found to match the spectra of the product. These results for -butyl benzene are com patible with the reaction shown in figure 7 a. A reaction of similar type was found with isopropyl cyclohexane, which, when dehydrogenated at 400° C, appeared to yield ethyl benzene presumably according to the mechanism shown in figure 7 The occurrence of these reactions renders these naphthenes unsuitable for detailed study of the mechanism of dehydro genation of the cyclohexane ring.
Inspection of equation (23) shows that the apparent activation energy of 2 will be determined mainly by the differences in activation energy of reactions k2 and ki (figure 4). The ratio P1IP2 has been measured at 400° C f methyl cyclohexane. The results for this temperature and 450° C are summarized in table 8, together with the activation energies determined from them.
The catalytic dehydrogenation of naphthenes. I
F ig u r e 7. a, r e a c tio n w ith £er£.-butyl b e n z e n e ; b, re a c tio n w ith is o p ro p y l c y c lo h e x a n e T a b l e 8. V a l u e s o f P1IP2 at 400 a n d 450° C f o r c y c l o h e x a n e The activation energy of the step is thus 10-1 kcal./g.mol. less than the step k2 for cyclohexane, while the corresponding activation energies differ by 2*27 kcal./ g.mol. for methyl cyclohexane. This shows th at k2 is the step with the highest activation energy as well as being the slowest step. The significance of these values in relation to the mechanism are discussed in greater detail in part II.
CYCLOHEXANE TOG ETH ER W IT H TH E A PPA R EN T ACTIVATION E N E R G IES
Evidence for the desorption of most of the mono-olefine after each step. The dehydrogenation of ethyl cyclohexane and the equilibrium between hydrogen, styrene and ethyl benzene
If in the reaction scheme shown in figure 4 , the cyclohexene found in the gas phase does not play an essential role in the reaction, but is simply present because equi librium is established between olefine on the catalyst and olefine in the gas phase, then it would be expected that in the dehydrogenation of ethyl cyclohexane equi librium should be established between styrene, hydrogen and ethyl benzene. Since under these conditions the reactions E. F. G. Herington and E. K . Rideal ethyl ethyl ethyl ethyl cyclohexane cyclohexene cyclohexadiene benzene styrene would all take place by steps such as k5, k18, etc. leaving the surface and equilibrium would be established between these species in the gas phase and on the catalyst surface by evaporation and condensation terms such as k7, k8, k9, k10, etc. If, however, the main reaction takes place by steps s as k7 followed by k9 and k10, with k5 small, then the cyclohexene in the gas phase plays an important part in the reaction and equilibria between styrene, hydrogen and ethyl benzene may not be set up during the dehydrogenation of ethyl cyclohexane. In these circumstances ethyl benzene will appear in the gas phase and have to compete with ethyl cyclohexane for the surface before the final step, ethyl benzene to styrene, can occur. The following observations show th a t the second of these conditions obtains at 500° C.
No experimental results of the study of the equilibrium ethyl benzene +£ hydrogen and styrene appear to have been published. This equilibrium has now been measured at 500° C, using the chromium oxide on alumina catalyst to secure equilibrium. A sample of pure styrene rfjf -1*5431, ( 104 = 218, was prepared by the distillation of a specimen of monostyrene in a stream of C 02. The absence of polymer was shown by the infra-red spectra (see Thompson & Torkington 1945) .
Over the catalyst a stream of hydrogen was passed, and into it was introduced the hydrocarbon vapour. After passage through the catalyst bed the products were frozen out in liquid air. The amount of hydrocarbon which had been treated in a given time was determined by weighing the product. Ethyl benzene was used in two experiments, and a solution of 5 % by volume of styrene in ethyl benzene was used for the third. The liquid products were analyzed by means of the ultra-violet spectra. In table 9a are set out the observed quantities, while table 96 shows the values calculated from them. True equilibrium appears to have been attained since it was approached from both sides (0 and 5 %) and, moreover, is constant over a four-fold change in contact time.
(styrene) (H2) p (ethyl benzene) * The catalytic dehydrogenation of naphthenes. I T a b l e 9 a. S t y r e n e -e t h y l b e n z e n e e q u i l i b r i u m a t 500° C This experimental value for the equilibrium constant is in good agreement with th a t derived from the thermochemieal data of Guttman, Westrum & Pitzer (1943) . Calculations from their expression yields K = 0-02 at 500° C.
Using the experimental value for the equilibrium constant a t 500° C, the cal culated values for the ratio styrene/ethyl benzene a t equilibrium in the hydro genation of ethyl cyclohexane are compared with the observed values in table 10. Equilibrium is not attained during the dehydrogenation of ethyl cyclohexane, although if ethyl benzene had been passed alone then sufficient catalyst was present to attain equilibrium at similar contact times. This is compatible with k5 (figure 4), being small compared with Jc7 at 500° C, so th at most of the hydrocarbon molecules pass to the gas phase after each loss of a pair of hydrogen atoms. This is in agreement with the evidence from experiments on the stationary olefine concentration (see part II). Vol. 190 . A. 
Theoretical study of the stationary state conditions
The eyclohexene which is detectable in the gas phase may arise either by the escape from the catalyst surface of cyclohexene which is an intermediary in the reaction, or alternatively the passage to the gas phase may be an essential step in the reaction. The mechanism will be discussed in terms of the general scheme given in figure 4 , where the cyclohexane has been depicted as first physically absorbed before any hydrogen atoms are lost. Molecularly this mechanism can be represented as in figure 8 , which corresponds to the first sequence of reactions in figure 4 . These reactions will be subsequently followed by similar sets involving cyclohexadiene and benzene. Here, after the loss of the first pair of hydrogen atoms, the cyclo hexene is chemisorbed, and before the next stage involving the loss of two more hydrogen atoms can ensue the molecule has to be reorientated to the form (#3). This reorientation may occur either on the catalyst surface or by desorption and readsorption from the gas phase. If in reality any step in this general scheme (figure 4) does not take place, then insertion of the appropriate rate constants equal to zero or infinity in the scheme will yield the correct equations.
i gas pressure p 2 F ig u b e 8. D ia g r a m m a tic r e p r e s e n ta tio n o f th e firs t s ta g e in d e h y d ro g e n a tio n o f c y lo h e x a n e .
D o tte d lin e s to C r re p r e s e n t p h y s ic a l a d s o r p tio n ; fu ll lin e s c h e m is o rp tio n .
In figure 4 a stationary concentration of cyclohexene in the gas phase may result either through the mechanism k7 with k8, or k9 with k10 or all simultaneously. No discrimination has been made between these possibilities in the following treatment, although the results for styrene in the product from ethyl cyclohexane (see p. 305) and competition experiments (see part II) support a mechanism in which evaporation between the dehydrogenation steps plays a large part. Cyclohexadiene has been inserted as an intermediary in the gas phase in figure 4 , although it has not been detected in the products. However, it may be present although in very low concentration. The stationary ratio of cyclohexene to cyclohexane is 1/55, while the corresponding ratio of cyclohexadiene to cyclohexene may be even less than this, so th at cyclohexadiene would be present in an amount below the detectable limit. Evidence is presented from competition experiments (see part II) th at the dehydrogenation of cyclohexene (and hence by analogy pre sumably also cyclohexadiene) takes place on the same centres as cyclohexane, so th a t 0X, 02, <93, #4, 08 and 01 all refer to fractions of the same surface. I th a t the hydrogen on the catalyst competes for the same catalyst centres as the hydrocarbons, then solution of the appropriate stationary state equations gives equation (21), where R is the rate of production of benzene and A is the available area of catalyst for adsorption of cyclohexane. If the hydrogen is adsorbed on a different set of sites from the hydrocarbon, then the terms and 3 jk3 must be removed from the first and second bracket respectively: in the first bracket will be constant because the ratios p 3lpv and p 3jpx are constant (see equation (23)). If, in addition, k3ep 5/k3 and are small compared with unity, then equation (21) reduces to the form of equation (22): where c is a function of specific rate constants. This has the same form as equation (7) (see p. 297) which is obeyed experimentally.
If, instead of using an inert gas such as nitrogen as diluent, mixtures of cyclo hexane and benzene are dehydrogenated and the total pressure is 1 atm., then which can be inserted in equation (21). If k3ep 5/k3 is small compared with unity, then in this case the plot of 1 fR against 1 jpx should also be linear. The experimental results of Balandin & Brussow (1936) satisfy this relationship, where the ratio of the slope to the intercept of the plot calculated by the method of least squares is 0-75 (p .e . = 0-05) for benzene-cyclohexane mixtures a t 410° C; which is equal within experimental error to the values for cyclohexane diluted with nitrogen a t 450° C (i.e. 0-82; p .e . 0-07, see table 3 of this paper). These two ratios will only be equal at one temperature provided k19/k18 and k3ep 5jk3 are small compared with unity. Thus In equation (21), which applies to a stationary state, the terms ksP2(kle + k2) and k12p3(kle + k2) there are a number of independent proofs (a further one will be discussed in part II) th at benzene and hydrogen behave mainly as diluents. (21) and (24) shows th at they differ by the terms 1 [ 1 , 1 , * 4 -^1 A| _& 2 ^3 ^4 (^5 + ^'7)-! I t appears probable that k8 is small, since it corresponds to the di of cyclohexene from the gas phase with opening of the double bond; also and k 5 + k 7 will probably be large compared with k 2, so th at the differences in intercept starting with cyclohexene and cyclohexane as compared with the cyclohexane intercept should give a measure of 1 / k 2 as compared with the other values in the second bracket of equation (21) 
